The possibility that cerebral ischemia may initiate a series of pathological free radical reactions within the membrane components of the CNS was investigated in the cat. The normally occurring electron transport radicals require adequate molecular oxygen for orderly transport of electrons and protons. A decrease in tissue oxygen removes the controls over the electron transport radicals, and allows them to initiate pathologic radical reactions among cell membranes such as mitochondria. Pathologic radical reactions result in multiple products, each of which may be present in too small a concentration to permit their detection at early time periods. It is possible to follow the time course, however, by the decrease of a major antioxidant as it is consumed by the pathologic radical reactions. For this reason, ascorbic acid was measured in ischemic and control brain following middle cerebral artery occlusion. There was a progressive decrease in the amount of detectable ascorbic acid ranging from 25% at 1 hour to 65% at 24 hours after occlusion. The reduction of this normally occurring antioxidant and free radical scavenger may indicate consumption of ascorbic acid in an attempt to quench pathologic free radical reactions occurring within the components of cytomembranes.
RECENT STUDIES of the effects of decreased oxygen supply to the central nervous system (CNS) have examined the ischemic or hypoxic brain for histologic, histochemical and ultrastructural changes. 16 Extensive studies have focused attention on alterations of the bioenergetic pathways in response to ischemia or anoxia. 79 Only recently, however, has emphasis been given to the changes produced at the molecular level prior to the onset of frank subcellular and cellular pathology. 10 n Since neuronal integrity and function depend on competent cellular membranes, an early response to an insult such as ischemia might well be reflected by molecular changes in membrane components. 12 The concept that CNS cytomembranes can be disturbed by membrane lipid free radical reactions has been discussed in prior work from this laboratory. 1316 This work has also suggested that the similarly complex and variegated events observed in cerebral edema and spinal cord trauma may be tied together by an hypothesis that centers on molecular pathologic per- Free radicals are compounds that have a lone electron in an outer orbital and are therefore highly reactive. They occur normally in the mitochondrial electron transport chain of all cells and are kept under control by virtue of tight physical and chemical coupling of the intermediates. Oxygen, at the terminus of the electron transport chain, serves as the natural terminator of these free radical reactions by reduction to water. Hunter et al. have demonstrated in vitro that mitochondrial swelling is accompanied by the production of hydrogen peroxide, as well as malonaldehyde, a product of free radical initiated lipid peroxidation. 4 The question that arises is how lowered oxygen levels might permit free radical intermediates in the normal electron transport chain to react with membrane lipids and start a series of pathologic free radical reactions within the mitochondrial membranes.
The hypothesis that electron transport free radicals may increase in concentration with diminished oxygen tension, and thereby reach the levels needed to initiate lipid free radical reactions in mitochondrial membranes, was tested in a model employing middle cerebral artery occlusion in the cat. The ischemic tissue was studied at different time intervals for the content of a normally occurring tissue antioxidant, ascorbic acid. We interpret the consumption of available ascorbic acid as an indication that radical mechanisms are operative. Materials and Methods The model used for this study consisted of a microsurgical retro-orbital approach to the middle cerebral artery (MCA). 21 Forty-seven adult cats, weighing 2.0-3.5 kg, underwent occlusion of the right MCA for periods of 1 to 24 hours. Pentobarbital, 30 mg/kg, was used for anesthesia. The artery was occluded with a micro-clip, and no brain retraction was used. Animals in which subarachnoid bleeding occurred were discarded. Animals were monitored for blood pressure, ECG, and blood gases, all of which remained within normal limits.
Ten animals with varying times of MCA occlusion were sacrificed and perfused with formalin for histologic confirmation of the infarct.
Thirty-seven cats were sacrificed at 1, 3, 5 and 24 hours after MCA occlusion. The fresh brains were removed intact and immediately sectioned coronally. Areas in the blood supply of the MCA were removed for analysis of the ascorbic acid content. Precisely equivalent contralateral samples were used as controls. Ascorbic acid, as used here, refers to the reduced, or non-oxidized form, with both OH groups intact. Monodehydroascorbic acid is the ascorbyl radical, or the intermediate formed when ascorbic acid is oxidized completely to dehydroascorbic acid.
Analyses of ascorbic acid levels were performed by means of electron paramagnetic resonance (epr) spectroscopy, developed in our laboratory. 13 This method measures the ascorbyl free radical (monodehydroascorbic acid) that is intermediate between the reduced and oxidized forms. It utilizes the controlled oxidation of the reduced ascorbic acid pool by dimethyl sulfoxide (DMSO). DMSO will induce rapid oxidation of ascorbic acid to the ascorbyl radical upon mixture with a pure ascorbic acid solution, but the reaction is somewhat slower (5 minutes) when DMSO is added to tissue minces or homogenates so that the intermediate ascorbyl free radical reaches a high enough steady-state concentration to permit its detection and quantitation. This assay has a high degree of reproducibility.
The procedure is as follows. An aliquot of selected cerebral tissue is weighed, and DMSO, which is stored in a vacuum desiccator, is added, 0.5 ml per 100 mg wet weight. The tissue is finely minced into 1 mm 3 bits within 30 seconds. The mince remains in the DMSO, stationary, for exactly 5 minutes. An 0.5 ml sample of the DMSO extract is then placed into a Varian quartz aqueous sample cell and the characteristic doublet of the ascorbyl radical is scanned and recorded on the epr spectrometer. The epr spectrometer is a Varian E-3, with a field set of 3390 gauss, scan range of 50 gauss, scan time 8 minutes, time constant 1 second, modulation amplitude 1 gauss, microwave frequency 0.530 GHz, receiver gain of 1.25 X 10
5
, and microwave power of 10 raw. The right and left cerebral tissue extracts are compared for the amplitude of the ascorbyl signal, which is directly proportional to the concentration of the ascorbyl radical in the solution.
Previous work with pure ascorbic acid and various treatments has confirmed the validity of the interpretation that the amplitude of the ascorbyl signal is directly proportional to the concentration of the reduced (unoxidized) ascorbic acid pool in the tissues.
Results Those animals surviving more than 12 hours awakened from anesthesia with a moderately severe left hemiparesis and circling movements toward the right side. Placing reflexes were absent in the left limbs. Histologic examination of animals with 6 hours or more of MCA occlusion showed a well defined area of ischemic changes that progressed to liquefactive necrosis by 24 hours. At less than 6 hours, only sporadic ischemic neurons were noted in the MCA distribution.
The assay for ascorbic acid, in its reduced form, proved to be valid, by comparison with standard curves of pure ascorbic acid dissolved in various solvents, including water, DMSO, and DMSO-water mixtures. The time factor in performing this assay was crucial since the signal amplitude reaches a peak and remains there only transiently. After 20 minutes, the amplitude began to drop, producing artifactual decreases in the ascorbyl radical signal. Once DMSO was added, maximal ascorbyl signal height was obtained after 5 minutes of stationary extraction. Earlier or later times resulted in smaller ascorbyl signals in the epr spectrometer. The decay of the ascorbyl signal in DMSO was linear, with a time course such that a 50% drop in the signal amplitude occurred after 30 minutes.
The table compares the generalized diminution in the pool of ascorbic acid in ischemic cerebral tissue with the normal side. There is a correlation with the length of time that the MCA was occluded. The levels were decreased by 1 hour after occlusion. At 24 hours, there was an average 65% reduction in the ascorbic acid levels.
Discussion
Because of the evanescent nature of free radicals, it is difficult to trap and detect them in brain tissue subjected to these experimental procedures. Free radical damage can be detected by other means. 19 ' 22 To do this, we have examined the brains for the presence of a normally occurring free radical scavenger. Ascorbic acid (reduced) exists in equilibrium with dehydro- ascorbic acid (oxidized). The intermediate product is monodehydro ascorbic acid which is a free radical and, as such, can join with pathologically occurring radicals, as an antioxidant, to quench them. It is in this capacity that ascorbic acid serves as a free radical scavenger.
Other vitamins, such as E, may also function as antioxidants. Chicks fed vitamin E deficient diets supplemented with linoleic acid develop encephalomalacia. 28 Intense autofluorescence is noted in these brains, particularly within vascular endothelium. This has been interpreted as evidence of peroxidative damage. The fluorescence observed is the result of Schiff base products formed from the free radical product malonaldehyde. 20 In Fischer and Nelson's study, the autofluorescence preceded the development of encephalomalacia. 23 When unsaturated fatty acids undergo peroxidation, malonaldehyde is formed. Increased levels of malonaldehyde have been demonstrated in cat spinal cords after physical trauma (400 gm-cm impact). 15 ' 22 Malonaldehyde and the lipid soluble fluorescence (LSF), which results from the reaction between malonaldehyde and amino-groups in proteins and some lipids, has been demonstrated to be increased in animals following minimal physical trauma (200 gmcm impact) with, but not without, ethanol pretreatment. 22 Ethanol is well known for its free radical potentiating effects in the CNS. 14 In our studies, the decrease in the ascorbyl radical is indicative of a consumption of this antioxidant in an attempt to quench the free radical peroxidation of membrane lipids. The reduction in the ascorbyl radical one hour after MCA occlusion, and the continued decrease up to 24 hours, indicates that this change begins at a time when histologic, biochemical, and clinical changes are all reversible and continues through the period of infarction. 24 It is suggested that free radical peroxidative damage to mitochondrial membrane lipids may play an early role in the pathologic processes initiated by oxygen deprivation. The well defined mitochondrial changes that occur with hypoxia or ischemia 3 ' 5 may involve free radical damage to mitochondrial membranes first, especially since these contain high levels of polyunsaturated fatty acids, which are most susceptible to radical damage. This is supported by our observations that other membrane components, such as phospholipid unsaturated fatty acids, as well as cholesterol, are decreased in areas of cerebral ischemia. 12 Once this process is initiated, it progresses in a self-perpetuating manner, particularly when normally occurring antioxidants are no longer present. 13 ' 17 " 19> 23 These data support the hypothesis that ischemia-hypoxia may produce changes at a molecular level -within the lipid components of membranes -that set in motion the processes leading to cell death. Pharmacologic methods of controlling these responses in ischemic cerebral tissue are currently being studied.
